The flexural and tribological performance of polyphenylene sulfide (PPS) composites reinforced with multi-walled carbon nanotubes (MWCNTs) were studied as a function of carbon nanotube (CNT) proportion. The composites were prepared by compression molding and were tested for friction and wear in a pin-on-disk sliding configuration against hardened tool steel of a hardness of 55-60 HRC. The lowest specific wear rate of 15:86 Â 10 À6 mm 3 /Nm was obtained for the PPS-0.2%CNT composite. The variation in coefficient of friction was practically insignificant, irrespective of CNT proportion. The transfer films formed on the counterface during sliding were examined by optical microscopy and atomic force microscopy (AFM) to investigate the characteristics of transfer film in terms of topography and texture of transfer film. The worn pin surfaces were also examined by AFM to study the behavior of wear and friction of the composites. Three-point flexural tests and hardness measurements were carried out for PPS-CNT composites, where CNT concentration varied from 0.2 to 10 vol%. The highest flexural strength was observed in the PPS-0.2%CNT composite. The change in flexural strength with CNT proportion is discussed in terms of surface hardness and structural integrity of the composites examined by scanning electron microscopy (SEM).
Introduction
Carbon nanotubes (CNTs) have drawn considerable attention as a reinforcement material in polymer composites by virtue of their unique mechanical and physical properties. In order to take advantage of such distinguished properties, various polymer composites have been made with the addition of CNTs in order to study thermal transition, mechanical, and thermomechanical properties of the composites. [1] [2] [3] [4] [5] [6] In the case of mechanical property studies, for example, elasticity modulus and toughness of high-density polyethylene (HDPE) have been reported to increase with CNT concentration. 1) In that study, the load transfer effect of CNTs and the interface link between CNTs and matrix polymer were attributed to the increased mechanical properties. Meanwhile, other studies 2, 3) have reported that load transfer of CNTs in polymer matrix has been minimized due to either (a) poor bonding of the matrix material to the outermost nanotube layer or (b) sliding between nanotube layers. In addition to the load transfer behavior of CNTs, homogenous distribution of CNTs in a polystyrene (PS) matrix has been closely related to improved mechanical properties. 4) Thus, both the load transfer and the homogeneous distribution of CNTs in the polymer matrix are responsible for the enhancement of mechanical properties of CNT-reinforced polymer composites.
Thermal properties of polymers reinforced with CNT have been also reported. For instance, Kanagaraj et al. reported 1) that the crystallinity of HDPE was increased significantly with the addition of CNT because CNTs acted as nucleation sites for the crystallization of HDPE, whereas no change in the melting point was observed. In addition, the relationship between wear resistance and the dispersion of CNTs was studied by dynamic mechanical thermal analysis (DMTA) by investigating the variation in the storage modulus. 6) Valentini et al. 7) showed that single-walled CNTs (SWCNTs) accelerate the nucleation and crystal growth mechanisms of polypropylene (PP). However, the melting temperature of PP-SWCNT composites did not show a specific trend with CNT concentrations. In the case of a carbon nanofiber (CNF), 8, 9) which has similar characteristics to a CNT in terms of size and constituents but not its structure, transitional behavior was not consistent with the change in CNF concentration. Thus, these studies indicate that the thermal properties of polymer-CNT composites are largely materialand environment-dependent.
While mechanical and thermal properties of CNTreinforced polymer composites have been widely studied, a relatively small number of tribological investigations of polymer composites reinforced with CNTs have been reported. For instance, Zhang et al. 5) reported that the surface coverage of CNTs was responsible for the increased wearability of epoxy-CNT composites. They concluded that the enhanced wearability of epoxy-CNT composites was due to effective protection of epoxy matrix from the sliding interface by CNTs. Chen et al. 6) also studied surface treatments of CNTs and reported that pre-treatment by a coupling agent or nitric acid was not a critical factor in obtaining improved tribological properties. Instead, they showed that dispersion and separation of CNT in epoxy resin played an important role in desirable wear results. Cai et al. 10) reported that the coefficient of friction and wear volume loss of CNTreinforced polyimide (PI) composites were lower than those of the neat PI. This was due to both the formation of transfer film on the steel counterface and the load-carrying capability of CNTs. The addition of CNTs to polymer matrix would improve some mechanical and/or thermal properties, but would not simultaneously enhance the tribological properties. Thus, tribological characteristics, such as the formation of transfer film and the friction mechanism, should be taken into account in addition to the mechanical characteristics.
The objectives of this study are to investigate the flexural properties and tribological performance of MWCNTreinforced PPS composites. The effect of CNT concentration on the specific wear rate and the coefficient of friction is discussed. The role of transfer film formed during sliding is also discussed in terms of the topography and texture of the transfer film. Discussion of the hardness of the PPS-CNT composites is also provided to correlate the variation in flexural strength and tribological behavior with the addition of MWCNTs.
Experimental Details

Materials and sample preparation
The matrix material used was PPS in the form of powder, which was supplied by Phillips Chemical Company, owing to its high temperature capability and superior mechanical properties. Multi-walled carbon nanotubes (MWCNTs) produced by chemical vapor deposition (CVD) were purchased from Il-Jin Nanotech Co. Purification of CNTs to get rid of by-products and impurities formed during the MWCNT production process is a highly costly and time-consuming process, and thus MWCNTs in their as-received form were used to investigate the performance of MWCNTs as a reinforcement material. Each MWCNT was about 10-50 mm long and 15-30 nm in diameter. Purity was over 95 vol% based on the manufacturer's specification.
PPS powder was sieved to a size less than 45 mm and dried at 120 C for at least 6 hours prior to compression molding. MWCNTs were agitated in an ultrasonic bath of acetone overnight to separate them; later during this process, large agglomerates that had settled down upon the bath floor were removed. The proportions of MWCNTs used in this study ranged from 0.2 to 10 vol%. The maximum proportion of MWCNTs was 10 vol% because larger MWCNT proportions would likely render the specimens fragile. PPS and MWCNTs were then weighed in the required proportions and mixed together. The mixture was blended mechanically in an ultrasonic bath of acetone for 6 hours and then dried at 120 C in an electric oven for 6 h. The mixture of PPS and MWCNTs was compacted and compression-molded at 310 C in a cylindrical mold 6.35 mm in diameter and 11.0 mm in length. The molded samples were then finished using 600-grade SiC abrasive paper; and cylindrical samples, 6.2 mm in diameter and 10.0 mm in length, were prepared for pin-on-disk sliding tests. Molded blocks (36 Â 27 Â 4 mm 3 ) were also prepared by compression molding for Rockwell hardness measurements and three-point flexural tests. The dried mixture was compacted in the above mold block and was heated to 310 C while maintaining a maximum pressure of 36 MPa. The pressure was held for 1 min to remove air entrapped in the mold. The pressure was then lowered to 18 MPa and maintained for 20 min until the PPS melted. Finally, the mold sat until it reached room temperature while pressure was maintained in the mold.
Pin-on-disk sliding tests
Wear and friction tests were performed in a pin-on-disk sliding configuration. The counterface used in this study was a quench-hardened tool steel disk that was 5-mm thick and 76 mm in diameter with a hardness of 55-60 HRC. The disks were finished by unidirectional abrasion against 400-grade SiC abrasive paper, which provided a surface roughness of about 0.09-0.11 mm Ra. After surface finishing, the counterfaces were cleaned in an ultrasonic bath of acetone, dried using a jet of fresh air, and stored in a desiccator overnight prior to the sliding tests. Full contact between the polymer pin and the counterface was made by resting the polymer pins on the steel counterface before sliding tests. The polymer pins were repeatedly abraded until maximum contact occurred. The pins with full contact were cleaned and dried using a jet of fresh air. The pins were then stored in a desiccator overnight. Sliding tests were performed at a sliding speed of 1.0 m/s, contact pressure of 0.65 MPa, and test duration of 6 h, which corresponds to a sliding distance of 21.6 km. This ensures the transition of wear from a transient state to a steady state and the formation of a transfer film on the counterface during sliding, as well. Mass loss of the pins was measured twice every half hour for the first one hour, and, later, every hour for gravimetric measurements, with an accuracy of 10 mg. Three sliding tests were carried out for each proportion and later were averaged. The maximum variation of wear loss and the coefficient of friction from one test to another was about 15%, in the case of PPS-10%CNT composite. Other results varied less than 10%.
Hardness and flexural strength measurements
For surface hardness measurement, molded blocks were prepared as stated earlier. They were finished using 600-grade SiC abrasive paper with a stream of fresh water, followed by lapping by means of alumina particles to achieve a highly flat surface. In order to remove alumina particles possibly embedded on the block surface, the molded blocks were mechanically agitated in an ultrasonic bath of methanol for 1 h. They were then cleaned, dried, and stored in a desiccator overnight prior to taking hardness measurements. The hardness scale used in this study was the HRH scale, which is suitable for reinforced polymer composite materials. The penetrator diameter was 3.175 mm (0.125 inches) and the minor and major loads used were 10 and 60 kg, respectively. Nine different locations on each block surface were selected and the hardness was measured. The average of nine measurements for each composite concentration is reported in this study; the maximum variation of the hardness values was about 8%.
Three-point flexural tests were performed to investigate flexural strength of the CNT-reinforced PPS composites. The molded blocks were cut, machined, and finished using 600-grade SiC abrasive paper. The size of the flexural test specimens was 24 mm Â 7 mm Â 3 mm. The test speed was 2 mm/min. The tests were repeated five times for each specimen and their average values are reported. The maximum variation of the flexural tests was about 12%, which was observed for the 10%CNT concentration.
Results and Discussion
Effect of CNT on friction and wear
The wear behavior of PPS-CNT composites sliding against a steel counterface was studied and the specific wear rates are given in Table 1 . Also, the coefficients of friction as a function of CNT proportion are given in Fig. 1 . The percent compositions used throughout the paper are by volume. The wear rate of PPS-0.2%CNT composite, 15:86 Â 10 À6 mm 3 / Nm, was about 2/3 of the unfilled PPS and was the lowest wear rate obtained in this study. Figure 1 also shows that with the addition of CNTs up to about 2% CNT the wear rate is lower than that of the unfilled PPS, but with more than 5% CNT, the wear rate becomes larger. On the whole, the higher the CNT proportions, the greater was the wear rate observed. Wear behavior was also associated with the change in wear state; in the transient state, wear increases rapidly with sliding distance, while in the steady state, the wear rate becomes much lower. In other words, the change in wear state from transient to steady state was observed with the addition of 0.2 to 2.0 vol% CNT to PPS, but with more CNTs, this transition became negligible by showing linear wear loss. This indicates that a small amount of CNTs in PPS are effective in reducing the wear of CNT-PPS composite by transition of wear state. Such transition is known to affect wear behavior and to have a close relationship with the formation of transfer film on the counterface during sliding. It is widely known that transfer films provide protection of the soft polymeric material from hard metallic material. Also, contact between the polymer surface and transfer film can further reduce wear and the coefficient of friction in contrast to metal to metal or metal to polymer contact. This will be discussed later in this paper.
The variation of coefficient of friction as a function of CNT proportions is given in Fig. 1 . With the addition of 0.2% CNT to PPS, the coefficient of friction increased slightly, from 0.48 to 0.51, and later decreased continuously with more CNTs. The lowest coefficient of friction, 0.44, was obtained for the PPS-10%CNT composite. However, the change in the coefficient of friction with higher MWCNT concentrations was very minute, and no practical significance was found in those changes. The reason for the small variation would be due to a lack of lubricating capability of carbon nanotubes, unlike graphite and molybdenum disulphide (MoS 2 ) used as a solid lubricant. Graphite consists of carbon, but its structure is completely different from carbon nanotubes. Graphite has lamella structure with weak interplanar bonding in its atomic structure. Thus, carbon itself cannot be a prerequisite for low coefficient of friction without considering the molecular structure of the material. In addition, MWCNTs used in this study contain by-products, and thus it is possible for the byproducts to counteract the desirable effect of the carbon. Furthermore, it is presumed that deformation component of friction probably induced by the by-products counteracted the lubricating ability of polymer, since these by-product are significantly stronger and harder than the matrix material so that they could ploughed the soft transfer film surface during sliding. However, such by-product would not have a significant effect because of their minimal amounts in MWCNTs. As for frictional behavior, a similar result was reported by Enomoto et al., 11) who studied the frictional properties of carbon nanofiber-or nanotube-reinforced PS composites prepared by injection molding, where the test was carried out using ball-on-disk configuration. They showed that the change in the coefficient of friction of PS-MWCNT was very small for up to 30 mass% MWCNTs. Also, they showed that the coefficient of friction increased slightly with the addition of a small amount of filler, but later decreased with more filler more than 30 mass%, as seen in this work although the matrix material used in their study is different from one used in this study.
Flexural strength and hardness studies
Three-point flexural tests were performed to investigate the flexural strength of the PPS-CNT composites; these results are shown in Fig. 2 . The flexural strength increased with the addition of 0.2% and 1% CNT, and thereafter it decreased with increasing CNTs, as seen in Fig. 2 . It was first presumed, especially in the case of high CNT concentration, that as reported by others, [1] [2] [3] a number of structural defects such as voids existed and that poor adhesion between CNTs and the PPS matrix could not transfer the flexural load effectively, eventually resulting in easy crack propagation followed by failure. The problem could have also been created by a poor dispersion of the reinforcement material in The Flexural and Tribological Behavior of Multi-Walled Carbon Nanotube-Reinforced Polyphenylene Sulfide Compositesthe matrix, since interfacial failure is a more serious problem in flexural than in tensile loading. This hypothesis is supported by Fig. 3(a) , which shows the SEM micrograph of CNT agglomerates on the fracture surface of the PPS-10%CNT composite. The carbon nanotubes were not uniformly dispersed in the PPS matrix. In addition, there are deep voids around the agglomerates, which would also cause premature failure. Figure 3(b) , taken at a lower magnification, shows the SEM micrograph of the fracture surfaces of composites for the same composition. A number of voids on the fracture surface were observed, as expected. These observations are in agreement with the work of Lau et al., 12) who studied the micro hardness and flexural properties of epoxy+CNT composite. They expected the increase in hardness and flexural properties due to superior mechanical and physical properties of CNTs, but found that the flexural strength of epoxy reinforced with 2 mass% CNT was lower than that of neat epoxy. It was concluded that weak bonding between epoxy resin and CNT and structural non-homogeneity were ascribed to the decrease in the properties. Similarly, Xu et al. 13) studied flexural strength and modulus of vinyl ester reinforced with vapor grown carbon fiber (VGCF). They showed that both flexural moduli and flexural strengths decreased with increasing carbon nanofiber proportions in vinyl ester composites, and concluded that poor fiber distribution, moderate fiber-matrix adhesion, the increase in voids contributed detrimental results in flexural properties.
Hardness of the PPS-CNT composites was also measured to determine a cause for the structural disintegration that led to the decrease in flexural strength with CNTs. Figure 4 shows that hardness increases slightly up to 1%CNT, but its value does not significantly change on the whole. Hardness decreases gradually with more CNTs. This behavior agrees well with the result of the flexural strength, where voids and premature internal cracks were presumably responsible for the decrease in flexural strength. Since hardness is the resistance of material to plastic deformation, the decrease in hardness with CNTs means that some of the composites cannot withstand the applied flexural load exerted by the penetrator. Thus, significant plastic deformation occurs relatively easily, especially in the case of the composites reinforced with more than 2% CNTs. Based on the above observations, a large amount of CNTs did not effectively improve hardness or flexural strength of PPS-CNTs composites due to the presence of voids and agglomeration of CNTs. Although the formation of such voids is not exactly understood exactly how such voids were formed, they should be avoided or minimized in order to generate enhanced mechanical and tribological properties. A similar result was shown by Lau et al. 12) who reported that the decrease in the hardness of epoxy composites reinforced with CNTs was due to voids of the composites, and the formation of a CNT network inside the epoxy matrix with higher CNT proportion resulted in the hardness increase.
Transfer film and worn pin surface studies
The transfer films formed on the steel counterface during sliding were examined by optical microscopy and atomic force microscopy (AFM) in order to study tribological behavior of CNT-reinforced PPS composites, as shown in Fig. 5 . The examination was done in terms of the topography and texture of the transfer film, since the capability of polymer matrix material to form a thin and uniform transfer film on the counterface during sliding is known to play an important role in the wear of polymer. In previous study, PPS formed a thick and grainy transfer film on the counterface during sliding, but the transfer films became thin and uniform with the addition of many fillers and/or reinforcement materials. 14, 15) It was thus expected in this study that CNTs would promote the formation of uniform and thin transfer film during sliding. Figure 5 shows the transfer films taken by optical microscopy. As expected, the transfer film of the PPS-0.2%CNT composite was thin and uniform, as shown in Fig. 5(a) . The transfer film is so thin that abrasion marks formed by the finishing operation of the steel counterface are clearly seen along the diagonal direction. With the addition of 10%CNT to PPS, however, the change in transfer film texture is remarkable. As seen in Fig. 5(b) , the transfer film became thick and non-uniform. The finishing marks that had been, seen in the former transfer film, formed on the steel counterface, disappeared. Instead, a series of straight lines along the sliding direction are clearly visible. These lines seemingly correspond to compositional variation in the PPS-10%CNT composite. Dark and bright stripes are found to be regions of rich MWCNTs and PPS matrix, respectively, since MWCNTs are black. In other words, the non-uniform distribution of MWCNTs on the sliding surface becomes predominant in the case of higher CNT concentrations. As a result, the formation of uniform and thin transfer film throughout the transfer film is hindered. In addition, thick and non-uniform transfer film promotes abrasive action during sliding, generating relatively larger worn fragments as compared to PPS-0.2%CNT composite. This was also supported by the observation that wear debris of the PPS-0.2%CNT composite was much smaller than that of the PPS-10%CNT. The generation of fine wear debris is known to be associated with increased wear resistance of polymer and its composites.
In addition to optical microscopy, in order to have a deep insight into detailed topographical examination of the transfer film, AFM micrographs of the same compositions as above were investigated. Both three-dimensional and top views of the transfer films are presented for topographical clarity. In the case of the PPS-0.2%CNT composite, Fig. 6(a)-(b) , very fine wear particles were deposited on the counterface and mechanically interlocked together. This indicates that fine wear particles have filled in the peaks and valleys of the steel counterface and thereby effectively protected the polymer pin from direct contact against the metal asperities. Also, the transfer film is highly smooth even though few sliding marks are seen along the sliding direction. Topography like this resembles in appearance the optical micrograph of the same composition. Meanwhile, the topographical features of the PPS-10%CNT transfer film, quite different from those observed in the PPS-0.2%CNT composite, consist of both a flat and a rugged region, as seen in Fig. 6(c)-(d) . The flat region of this transfer film is similar to that seen in the PPS-0.2%CNT composite, where a smoothing effect was predominant. However, the non-uniform area shows agglomeration of wear particles, which is clearly evident in the top view ( Fig. 6(d) ). The formation of such relatively large wear particles has two explanations. One is that the loss of matrix material during sliding was promoted by weakened structural integrity. In other words, shear force acting on the polymer pin by sliding action easily separates matrix material, which is weakened by voids and defects. This accordingly produces lager wear fragments. The second explanation is that worn particles also contain impurities in addition to CNTs, and thus bonding of wear particles to transfer film and/or to each other are hampered during rubbing action. As a result, a lump of wear fragments is generated. The formation of larger wear debris also implies that abrasive action took place during sliding. This is supported by a multitude of spikes pulled out of the transfer film surface, as seen in Fig. 6(c) . All these features and observations are ascribed to the higher wear rate of the PPS-10%CNT composite as compared to that of the PPS-0.2%CNT composite. In order to correlate the characteristics of wear particles formed on the transfer film with worn pin surface texture, topography of the worn pin surface was examined by atomic force microscopy (AFM); AFM micrographs are shown in Fig. 7 . In the case of the PPS-0.2%CNT composite, the worn pin surface is much more uniform than that of the PPS-10%CNT composite. In addition, the surface features on the whole look very similar to those of the corresponding concentration of transfer film. This is unsurprising since that worn pin surface is in contact with the transfer film during sliding. Wear fragments of the PPS-10%CNT composite can also be viewed in the same context. In other words, dimplelike features seen in the PPS-10%CNT composite were formed during sliding by the loss of matrix material. Loosened fragments separated during sliding were then rubbed and broken into smaller ones. The higher wear rate of PPS-10%CNT can be explained by this behavior.
It should be noted that there exist a number of different surface characteristics, and examination of the transfer film and worn pin surface reveals only a small portion of the whole sliding area. Also, only few of micrographs are given in this paper, although many more micrographs of the transfer film and the worn pin surface were taken in different regions. However, transfer film characteristics studied and discussed in this paper are known to be typical features and to have a close relationship with the tribological behavior of a polymer and its composite.
Conclusions
(1) The specific wear rate of PPS decreased considerably with the addition of 0.2 or 2 vol% MWCNTs. However, composites with MWCNTs more than 5 vol% exhibited a higher wear rate than that of unfilled PPS. (2) The variation of coefficient of friction was opposite to that of the specific wear rate. The coefficient of friction decreased almost linearly as MWCNT concentration increased. However, the reduction with the addition of MWCNTs was insignificant when compared to that of the unfilled PPS, and thus no practical improvement was found. (6) Worn pin surfaces were associated with the formation of transfer films during sliding. The generation of worn particles formed on the counterface was affected by the worn pin surface feature.
